Although duplex ultrasonography offers a number of theoretical and practical advantages over arteriography for the assessment of lower limb arterial disease, it has not yet been widely accepted into clinical practice. This article reviews the current status of lower limb arterial duplex and concludes that arteriography should no longer be regarded as the diagnostic 'gold-standard' and that duplex ultrasonography should now be the first line investigation in patients with lower limb arterial disease.
Introduction
Although intra-arterial angiography of the lower limbs is associated with minimal morbidity, it is expensive, invasive, requires at least day case hospital admission and provides only anatomical information. Conversely, duplex ultrasound is relatively inexpensive, non-invasive, can be performed on an outpatient basis and provides both haemodynamic and anatomical information. Whilst conventional duplex scanning of the lower limbs is time consuming, the introduction of colour-coded Doppler ultrasound has enabled real-time Doppler information to be displayed, allowing the rapid identification of haemodynamic abnormalities. This article reviews the pros and cons of arteriography, describes the theory of and techniques of lower limb ultrasonography and discusses the current role of ultrasonography in the assessment of the lower limb arterial tree.
Arteriography
The most common techniques used for lower limb arteriography are a transfemoral or transaxillary approach using a Seldinger puncture) followed by rapid pumped injection of contrast medium. In recent years, digital subtraction arteriography (DSA) has been introduced.' The principal behind DSA is that a computer takes the X-ray picture before and after the administration of a radiodense contrast agent. Electronic subtraction of the first from the second picture leaves an image of the contrast agent in the vessels of interest. Compared to conventional film-screen arteriography, DSA is quick, uses less contrast medium and is cost effective." Digital subtraction arteriography does not, how-cations of arteriography result from arterial injury, and include haemorrhage, dissection and distal embolization.' Here again, however, the advent of intra-arterial DSA. which uses a smaller catheter system, has reduced the incidence of such complications.
There are a number of other problems with lower limb arteriography. First, it is well established in the iliac segment that, even if oblique views are taken, compared to pressure recordings across stenoses (resting and postpapaverine), arteriography has an accuracy of only 70% for the detection of significant stenoses." Similarly, it has been shown that, even if oblique views are taken, compared to operative findings, arteriography fails to identify 76% of profunda femoris orifice stenoses." Secondly, there is the issue of interobserver variability in the interpretation of arteriograms. Thus, it has been shown by Slot et al? that there is very poor interobserver agreement in the aorta and iliac segments and that, in the case of the profunda femoris origin, the agreement is no better than that provided by chance. The final and most significant problem with arteriography is that it provides only anatomical information and it is impossible to derive haemodynamic information from arteriograms. The clinical importance of this has been highlighted by Sumner and Strandness," who reported that, when arteriography of the aortoiliac segment was used as the primary method of determining in which arterial segment surgery was to be performed, 30% of limbs were not improved following aortofemoral bypass of a 'diseased' aortoiliac segment. Clearly, the 'radiological' diagnosis of disease was overestimating its haemodynamic importance in 30% of cases.
In summary, therefore, although intra-arterial DSA has increased the safety of lower limb arteriography it has not improved its accuracy, and the major drawback of arteriography is that it provides morphological and not functional information.
Lower limb ultrasonography

Ultrasound theory
In its simplest form ultrasound is transmitted as a continuous beam from a probe that contains two piezoelectric crystals. The transmitting crystal produces ultrasound at a fixed frequency (in the range of 5-10 MHz for superficial vessels and 2-5 MHz for deeper vessels) whilst the receiving crystal vibrate s in response to reflected waves and produces an output voltage. Conventional ultrasonography uses the reflections of ultrasound from tissue interfaces with stronger signals shown as a brighter spot on the screen (Bmode, Figure la ). The image produced has varying shades of grey depending on the acoustic impedance of the various tissue planes. More recently. the use of multiple transducers has allowed the production of cros s-section real-time imaging.
Doppler ultrasonography makes use of the fact that the signals reflected from stationary surfaces will have the same frequency as that with which they were transmitted. whilst the signal s reflected from moving objects. such as red blood cells, will undergo a frequency shift as determined by the Doppler equation. The output of continuous wave Doppler ultrasound is most frequently presented as an audible signal (e.g. a hand-held pencil Doppler). One of the problems with continuous wave ultrasonography is that there is no control of the area of tissue that is being examined because signals will be produced by any waves that are intercepted by the receiving crystal. The solution to this problem is the use of pulsed ultrasound. The principal is that the depth of the tissue sample can be controlled by sending a pulse of ultrasound and closing the receiver except when signals from a predetermined depth are returning. Thus. the centre of the artery and the areas close to the wall can be examined in tum. The next advance in Figure 1 (a) B-mode examination of a superficial femoral artery (5FA) stenosis. (b) Doppler spectrum from the same stenosis showing spectral broadening and an increase in the peak systolic velocity from 50 to 150 em/sec. The peak systolic velocity ratio across this lesion is therefore 3.0.
Vascular Medicin e 1996; I: 115-119 the use of ultrasonography was spectral analy sis. The velocity profile can provide limited information when seen as an analogue wave form. where as spectral analysis examines the complete spectrum of frequencies found in the arterial waveform during a cardiac cycle. This is most frequently carried out using real-time fast Fourier transform spectrum analysis. in which the vertical display represents the range of velocities seen at any given instant? ( Figure Ib) .
Coupling the pulsed Doppler system with real-time Bmode ultrasound imaging of vessels allows the precise placement of the sample volume within the vessel lumen so that its flow patterns can be studied accurately. Thi s combination of real-time B-mode sound imaging with pulsed Doppler ultrasound is called duplex scanning. The final advance has been the advent of colour frequency mapping (so called 'triplex' scanners). The colour assignment depends on direction of blood flow, with colour saturation reflecting the magnitude of the mean Doppler frequency shift. I() Less saturation (red. blue) indicates regions of higher blood flow, with deeper colours indicating slower flow and the absence of flow coded as black. The particular advantages of colour Doppler is that with experience it allows the rapid recognition of flow abnormalities. it allows the precise placement of pulsed Doppler sample volumes to record velocity spectra changes. and spatial and temporal information of blood flow patterns can be superimposed on the B-mode grey-scale image. Colour cross-sectional imaging is particularly helpful in reducing the number of errors due to slow flow. whereas longitudinal imaging allows a more accurate placement of Doppler angle .II Doppler criteria used to identify significant arterial lesions It has been shown in a number of studies that a 50% or greater reduction in arterial diameter (equivalent to a reduction in cros s-sectional area of 75%) results in a significant fall in arterial blood flow and distal pressure.P:"
It is for this reason that a 50% reduction in arterial diameter as measured at arteriography is considered to represent a significant stenosis.' >"? The duplex criteria for the recognition of an arterial diameter reduction of >50% were first defined in 1985 by Jager et aI, / 9 and included a loss of reverse flow with forward flow during the entire heart cycle (monophasic waveform), exten sive spectral broadening and an increase in systolic peak velocity of > 100% ( Figure Ib) .
The latter criterion has assumed increasing importance in recent years and is called the peak systolic velocity (PSV) ratio. By comparing the PSV within a stenosis to that in the nearest disease-free segment. a ratio is created independent of individual variations in blood pressure, vascular compliance and cardiac function. " Whenever possible. the velocity within a stenosis is compared to the velocity just proximal to the stenosis. This is because the distal velocity is distorted particularly when stenoses are severe. 20 • 2 1 In theory, with continuous laminar flow in rigid tubes the percent diameter reduction is given by the equation The effect of multilevel disease Allard et aF9 have studied the effect of multilevel or adjacent disease on the accuracy of lower limb ultrasound scanning and found that multilevel disease reduces the accuracy of ultrasound scanning. However, only spectral analysis criteria such as waveform phase and spectral broadening were used in this study to determine the presence of a significant stenosis. The latter parameters are influenced by neighbouring disease," whereas velocity ratios (as opposed to absolute velocities) compensate for blood flow distortions created by multiple stenoses. IS It is interesting, therefore, to note that Sensier et al have recently repeated the study reported by Allard et al using PSV ratios instead of spectral analysis criteria and found that multilevel disease does not adversely effect the accuracy of duplex arterial mapping. The latter finding needs to be confirmed by other investigators, but it would seem that, providing PSV ratios are used to classify the degree of stenosis, multilevel disease does not reduce the accuracy of duplex scanning.
is to investigate the relationship between PSV ratio and diameter reduction. The results of such studies will now be discussed.
Although clinical studies of lower limb duplex have used PSV ratios of either~2.0 (refs [16] [17] [18] [19] 23) ,~2.5 (refs 15,20,24,25) or~3.0 (ref. 26) to identify significant (>50% diameter reducing) stenoses, very few ,s,2o,2s.27 have used receiver operator characteristic (ROC) analysis to determine the optimum PSV ratio. Ranke et al, 20 Legemate et al" and Leng et aF8 have all shown a good correlation between PSV ratio and arteriographic diameter reduction up to 75% reduction and concluded by ROC analysis that the optimum PSV ratio cut-off for the prediction of a >50% diameter stenosis was 2.4, 2.5 and 3.0 respectively. Sensier et apo found by ROC analysis that a PSV ratio of 2.0 best predicted the presence of a~50% arteriographic stenosis, whereas Sacks et al 27 found a ratio of 1.4 predicted a 50% stenosis. There are a number of possible reasons for these disparate results, including differences in measurement techniques, differences in interpretation of arteriograms and differing interpretations of ROC analysis. However, close scrutiny of the above publications reveals that the differences in sensitivity and specificity between a PSV ratio of 2.0 and 3.0 for predicting a 50% arteriographic diameter stenosis are minor, and at a practical level, therefore, the small differences in the PSV ratio selected by different authors are probably not of great importance.
Technique of lower limb duplex scanning
For optimal ultrasonic visualization of the aortoiliac segments, patients are starved overnight and examine supine with a 3.5 MHz probe. A 5 MHz probe is reserved for the more superficial femoropopliteal and infrapopliteal arteries which are scanned with the upper body elevated and both legs relaxed in slight external rotation. Insonation of the popliteal artery is performed in a lateral position with the knee gently flexed. The infrapopliteal vessels are similarly insonated. If there is very low flow in the calf vessels, it may be easier to scan the legs with flow augmented in a dependent position. Arterial lesions are located by changes in colour flow patterns and then further studied for changes in vessel diameter (seen from the image) and broadening of the Doppler spectrum. The degree of stenosis is quanti-then the Doppler signal is obliterated. If more than one tibial vessel is in continuity with the arch, compression results in attenuation of the pedal arch signal. The vessel that gives the greatest attenuation is defined as the major inflow vessel to the arch.
Comparisons of ultrasonography with arteriography
Duplex
There are only a few publications that have systematically compared duplex scanning of the lower limb with arteriography. '7-19.23.24.30.36.37 There have been four studies 19.23.24,36 that have compared black and white duplex ultrasound with arteriography of aortoiliac and femoropopliteal arteries. Jager et al'" and Kohler et al,23 using Doppler waveform and velocity analysis, found that the agreement achieved by two radiologists grading the same angiograms was little different to that obtained when comparing duplex with angiography. Demes et aJ24 concluded that duplex ultrasound was a useful adjunct to arteriography whilst Legemate et al," using PSV ratio analysis, concluded that duplex scanning had the potential to replace aortoiliac and femoropopliteal arteriography.
Four authors have compared colour-coded duplex scanning with lower limb arteriography. Cossman et al" mapped the iliofemoral and femoropopliteal segments with colour duplex and found that duplex had an accuracy of 95% for 2:50% stenoses and 95% for occlusions. Moneta et al'? compared colour-coded duplex scanning of the aortoiliac, femoropopliteal and infrapopliteal vessels with arteriography and found that duplex had a sensitivity of >80% and specificity of >90% for the prediction of a >50% stenosis in most vessels. Sensier et apo found that there was substantial overall agreement between arteriography and duplex and suggested that duplex could be used to plan and guide lower limb vascular interventions. It is not possible to draw meaningful conclusions from the study by Mulligan et al 37 because only 12patients were included. Although two of the above studies examined the accuracy of duplex mapping of the infrapopliteal arteries, Sensier et apo examined only the origins of the infrapopliteal vessels and Moneta et al'? did not attempt to differentiate between infrapopliteal stenoses and occlusions. The ability of duplex to map the infrapopliteal vessels does therefore require further investigation.
The major limitation of all of the comparative studies quoted above is the need to define one of the parameters, in this case arteriography, as the 'gold standard' .20 Inevitably, the other parameter, in this case duplex, is going to appear second-rate. It is important to note that angiography is essentially a morphological study and depicts arterial lumen, whereas colour duplex ultrasound is a functional study and lays emphasis on haemodynamic information. Finally, although oblique views may aid interpretation of the aortoiliac arteries, they do little to address the problems posed by the profunda vessel. 5
Dependent Doppler
It has been shown in a number of studies 31,33-35 that dependent Doppler can detect up to four times as many calf vessels communicating with the pedal arch when compared Vascular Medicine 1996; 1: [115] [116] [117] [118] [119] to preoperative arteriography. This is because dependent Doppler provides a functional assessment of calf vessel patency and may demonstrate calf vessels that appear to be occluded on arteriography. Indeed, it has been suggested that no patient with a critically ischaemic limb should be denied arterial reconstruction without firstly undergoing a dependent Doppler examination."
Conclusion
There is increasing evidence that ultrasonography in the form of colour-coded duplex and dependent Doppler can provide an excellent 'functional' map of the lower limb arterial tree. A number of studies have demonstrated substantial overall agreement between lower limb arteriography and colour-coded Doppler and many of these studies have also highlighted pitfalls of arteriography. Indeed, diagnostic arteriography should no longer be regarded as the diagnostic 'gold standard', and future studies of lower limb colour-coded duplex should not compare it with arteriography, but should examine its ability to safely and accurately guide therapeutic vascular interventions." Although duplex examination offers many advantages over arteriography, it should be remembered that it is a highly skilled technique that requires intensive and properly supervised training. We conclude that, providing ultrasonography is performed by a suitably qualified vascular technologist, that it can not only replace lower limb arteriography, but can provide the clinician with additional, more relevant information, i.e. a haemodynamic, rather than an anatomical, map of the lower limb arterial tree.
